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Introduction
Detailed measurements of the reaction zone in turbulent flames are fundamental to the validation of combustion models. One useful diagnostic technique to achieve this is the simultaneous imaging of PLIF of OH and CH 2 O. Early studies by Najm et al. [1] showed that the formyl radical HCO correlates very well with heat release rates in laminar premixed flames. However, obtaining sufficient signal intensities of LIF of HCO in laminar premixed flames have proved difficult due to insufficient LIF signal intensities [1] . Encouraged by the abundance of OH and CH 2 O radicals in the flame front, and the dependence of HCO production to these radicals through the reaction CH 2 O + OH → H2O + HCO, Paul et al. [2] demonstrated that the profile of the pixel-by-pixel product of sequentially obtained LIF of OH and CH 2 O images correlate well with heat release rates in premixed laminar flames.
The application of this diagnostic technique to turbulent reacting flows was demonstrated by
Böckle et al. [3] . In their work, simultaneous LIF imaging of OH and CH 2 O and Rayleigh temperature measurements showed that the overlapping regions of the LIF of OH and CH 2 O profiles correlate with areas of intermediate temperatures in a turbulent Bunsen flame. In an additional experiment, sufficient signal of LIF of CH 2 O was obtained in strongly turbulent swirling flames [3] .
A broader distribution of CH 2 O in the shear layer of the swirling flame than those observed in laminar and weaker turbulent flames was reported.
Balachandran et al. [4] and Ayoola et al. [5] applied the pixel-by-pixel product of OH and CH 2 O PLIF to investigate the local flame structure and heat release effects in various lean premixed flames.
Detailed observations on the local flame structure and effects of curvature on heat release [5] and on the flame response to inlet velocity oscillations [4] were reported, with the high spatial and temporal resolution offered by the technique allowing observations of flame annihilation events [4] .
This technique has also been demonstrated to be a reliable indicator of heat release in non-premixed systems [6] .
In contrast to flames far from extinction, whose behaviour is well summarised by Driscoll [7] , flames close to blow-off have been studied little. Previous investigations of such flames were performed using fast OH-PLIF (5 kHz) to study changes in the flame structure at conditions approaching blow-off, and during the extinction transient [8, 9] . Lean premixed methane-air flames stabilized on a bluff body were studied. The flame front, tentatively defined by the edge of the LIF of OH profile, was shown to change from a continuous, smoothly wrinkled profile located along the shear layer at conditions far from extinction, to become very contorted and disconnected at conditions near blow-off, with reaction moving inside the central recirculation region immediately downstream of the flame holder. Although the OH radical is commonly chosen in LIF experiments for planar characterization of flames, it is not an exact marker of the reaction zone as the OH radical is a relatively long-living intermediate at elevated temperatures and can be present in regions other than those of high reaction rates [10] . This hinders detailed investigation of the local flame structure, limiting the interpretation of the reaction zone behaviour of the near extinction flames [9] . The focus of the present work is to apply the pixel-by-pixel product of simultaneous PLIF of OH and CH 2 O to investigate changes in the flame front structure and heat release of turbulent premixed flames approaching the lean extinction limit.
Experimental methods

Apparatus and flow conditions
The bluff body burner used was originally developed in Ref. [4] and is shown in Fig. 1 . It consists of an inlet pipe of length 300 mm and inner diameter D = 35 mm mounted to a plenum with a flow straightener. A stainless steel conical bluff body (45
• half-angle) with diameter d = 25 mm was mounted on a rod of diameter 6.35 mm, and concentrically fitted within the inlet pipe. The burner exit was profiled to a knife-edge and was open to the lab atmosphere. Methane and air at ambient conditions were premixed upstream. Air and fuel flow rates were controlled using Vögtlin
Instruments mass flow controllers. The flame structure was investigated at four conditions, starting from a condition far from blow-off (A1), to a condition just prior to blow-off (A4). Table 1 details these conditions, which are identical to those studied in previous experimental work with fast (5 kHz) OH-PLIF [9] . Ref [9] should also be consulted for velocity and progress variable statistics and for regime identification of these flames.
OH and CH 2 O PLIF
Two laser systems were used to simultaneously measure LIF OH and CH 2 O across a planar section of the flame. The PLIF systems are shown schematically in Fig. 1 
Image analysis
Following standard practices of processing simultaneously acquired PLIF signals [4, 6, 11] , the raw OH and CH 2 O PLIF images were initially corrected for the background noise, with a 3×3 median filter applied to improve the signal to noise ratio. The OH and CH 2 O beam profiles were obtained by imaging the laser sheets from each dye laser passing through a cuvette filled with ethanol. A target image aligned in the PLIF measurement plane was imaged by both cameras.
Identical reference points selected on the target image from each camera were used to define a transformation matrix relating the coordinate sets on both cameras. This was used to match the coordinate set on the OH camera to that on the CH 2 O camera. One measure of goodness of fit of matching of the coordinate sets is the average deviation of the reference points of the matched images, which was found to be sub-pixel. The corrected and matched PLIF images were then resized using 2×2 binning, resulting in an effective spatial resolution of approximately 50×50×300 µm per pixel, following which the pixel-by-pixel multiplication of the two images was performed to estimate heat release.
Results and Discussion
Laminar flame simulations
Simulations of one-dimensional laminar unstrained freely propagating premixed methane-air flames were performed using the COSILAB software [12] to support interpretation of the PLIF images. The GRI-Mech 3.0 mechanism was used. Figure 2a shows the temperature, reaction rate (in arbitrary units) and molar fractions of O 2 , CH 4 , OH and CH 2 O across a flame at φ = 0.75.
These results agree with the literature [1] . As expected, production of CH 2 O starts in the preheat zone, peaks in the mid-temperature region of the flame, and is consumed at the high reaction rate regions. OH production begins after the production of CH 2 O has started, and peaks in the high temperature post-flame region where all CH 2 O has been consumed. In comparison with the profile of the reaction rate, the region of overlap of the OH and CH 2 O profiles coincides with the location of peak heat release. Figure 2b shows the profile of the normalized product of OH with CH 2 O plotted against the normalized reaction rate profile at equivalence ratios matching those investigated in the experiments. Good correlation is observed between the normalized OH×CH 2 O and heat release profiles, with the peak of the OH×CH 2 O profile matching the peak reaction rate well. These results are in agreement with data reported in the literature [13] , and give confidence in using the pixel-bypixel product of OH×CH 2 O as a reliable indicator of heat release in the turbulent flames studied here. The width of the CH 2 O profile was also estimated as the distance across the length of flame cross-section between the points where the profile rises above 5% of its peak value to where it falls below 5% of its peak value. The results are provided in Table 1 , and show that the CH 2 O region is slightly wider as φ is reduced. This widening mainly occurs at the tail of the CH 2 O profile in the high reaction rate region, and is likely to result from the adverse effect of lower flame temperature on the reaction rate at more fuel-lean conditions, leading to a reduction in the consumption rate of 
PLIF imaging
relative to other parts of the flame front [9] . This indicates significant local straining of the reaction zone at the these regions, which together with volumetric heat loss effects could drive local The presence of isolated OH pockets in the RZ prior to extinction of bluff body stabilized flames has been observed in the literature [9, 15, 16] . During the final stages of the blow-off event, at which the flame at the attachment point has been destroyed, these isolated pockets of OH are observed to survive in the RZ for a duration of the order of tens of milliseconds prior to total flame extinction [8, 9, 16] . In these studies, the presence of OH was used as an indicator of reaction, with chemiluminescence and LIF imaging diagnostics applied. However, considering only the presence of OH is not sufficient to determine the presence of reaction within these flame pockets, or whether they comprise only short-lived post-reaction OH. However, the simultaneous PLIF measurements reported in this work show that these pockets of OH overlap with islands of CH 2 O, indicating that reaction indeed takes place on the boundaries of these OH pockets. The contribution of these isolated flame structures to the total heat release of the flame validates their inclusion in the quantification of flame front metrics, such as FSD and curvature, done in Ref [9] .
Occasionally, CH 2 O is not observed in regions void of OH in the RZ, as seen in Fig. 5c . This may indicate that fresh reactants do penetrate inside the RZ. This in turn will facilitate the extinction of the shear layer flame. Previous work [8] using simultaneous OH * and Mie scattering showed the entrainment of olive oil aerosol inside the RZ from the top for a stable flame at conditions very close to blow-off and during the extinction event. However, it was not possible to determine whether the entrained aerosol was fresh or preheated reactants. The PLIF measurements here show that both do occur, though entrainment of fresh reactants occurs less often. No connection is observed between the regions of cold reactants inside the RZ and the annular reactant jet. Also, the HR region is observed to be separated more often at the downstream than near the anchoring point.
This implies that the cold reactants enter the RZ from the top following local extinction of the flame downstream, and not from small extinction holes at the sides of the RZ.
From these observations, some inferences on the flame structure can be made by referring to a hypothetical laminar flamelet structure that may be present at various locations at various instants.
In region (i), Fig. 5a , fresh reactants in the shear layer can be thought of as impinging upon recirculated hot products; this would enable conditions to sustain a flame, leading to a continuous inside the RZ and the annular reactant jet, implying that the cold reactants enter the RZ from the top, supporting therefore the blow-off dynamics suggested previously based on fast OH-PLIF movies. Curvature measurements conditioned on HR showed no significant correlation. The data provided here can be used qualitatively for the validation of turbulent premixed flame models that include finite-rate chemistry effects.
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